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SUMMARY Viruses are intracellular parasites that subvert the functions of their host
cells to accomplish their infection cycle. The endoplasmic reticulum (ER)-residing chap-
erone proteins are central for the achievement of different steps of the viral cycle,
from entry and replication to assembly and exit. The most abundant ER chaperones
are GRP78 (78-kDa glucose-regulated protein), GRP94 (94-kDa glucose-regulated pro-
tein), the carbohydrate or lectin-like chaperones calnexin (CNX) and calreticulin (CRT),
the protein disulfide isomerases (PDIs), and the DNAJ chaperones. This review will
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focus on the pleiotropic roles of ER chaperones during viral infection. We will cover
their essential role in the folding and quality control of viral proteins, notably viral gly-
coproteins which play a major role in host cell infection. We will also describe how
viruses co-opt ER chaperones at various steps of their infectious cycle but also in order
to evade immune responses and avoid apoptosis. Finally, we will discuss the different
molecules targeting these chaperones and the perspectives in the development of
broad-spectrum antiviral drugs.

KEYWORDS ER chaperone, GRP78, GRP94, calnexin, calreticulin, protein disulfide
isomerase, DNAJ, viral infection

INTRODUCTION

As obligate intracellular parasites, viruses have evolved to subvert the functions of
their host cells to replicate. Despite divergences between the different groups of

the Baltimore classification, the viral infectious cycle is classically subdivided into the
following steps: entry, translation, and genome replication, assembly of progeny
viruses, and exit. Entry is itself made up of a sequence of events: attachment to the
host cell, penetration, cytoplasmic trafficking, and uncoating, after which the genome
can be released. Along their cycle, viruses can potentially use all the cellular organelles.
Among these, the endoplasmic reticulum (ER) appears critical for the achievement of
different steps of the infectious cycle, from entry and replication to assembly and exit,
depending on the virus family (reviewed in reference 1). The ER is in charge of the syn-
thesis of a large fraction of cellular proteins, whether cytosolic, membrane, or secreted
(reviewed in reference 2). It also ensures the folding of proteins and their posttransla-
tional modifications, including glycosylation, disulfide bond formation, and proline
isomerization. The presence of an efficient quality control system referred to as ERAD
(ER-associated degradation) ensures the degradation of misfolded proteins by direct-
ing them to the proteasome. Viruses exploit the ER machineries for synthesis and mat-
uration of viral proteins. This has been especially well studied when it comes to the gly-
coproteins of enveloped viruses (3). Moreover, some viruses, such as flaviviruses,
coronaviruses, polioviruses, and rotaviruses, exploit the ER’s large and dynamic mem-
brane to replicate or even assemble (1, 4). Finally, the ER may also be used for virus
entry, as shown for polyomaviruses, nonenveloped viruses that hijack the ERAD for
entry into the cytosol (reviewed in reference 5).

Viral infection as well as ER stress can saturate the ERAD and lead to the accumulation
of unfolded and misfolded proteins in the ER lumen. Some viruses can also express viro-
porins, pore-forming proteins acting as ion channels on the ER membrane which alter ER
calcium homeostasis (6). Cells cope with ER stress by activating the unfolded protein
response (UPR). The UPR is a complex network of signaling pathways that coordinate the
adaptive response to ER stress. It consists of three pathways, each engaged by activation
of one specific signal transducer: inositol-requiring protein 1 (IRE1), protein kinase RNA
(PKR)-like ER kinase (PERK), or activating transcription factor 6 (ATF6). These pathways
work in concert to decrease the load of unfolded proteins in the ER by simultaneously
decreasing protein synthesis, increasing the folding capacity of the ER, increasing ERAD,
and modifying the intracellular protein trafficking and secretory pathways. Failure of the
UPR leads to apoptotic cell death. The UPR can therefore affect the progression of viral
replication. However, many viruses hijack the UPR to upregulate their replication by over-
riding the inhibition of translation and preventing apoptosis. A considerable number of
publications have reported that viruses induce ER stress and at the same time modulate
the UPR (7–35).

The ER functions, including protein synthesis, folding, transport, quality control, UPR, and
regulation of calcium homeostasis, are tightly controlled by ER-residing chaperone proteins.
The main ER chaperones are glucose-regulated chaperones GRP78 (78-kDa glucose-regu-
lated protein), GRP94 (94-kDa glucose-regulated protein), the carbohydrate or lectin-like
chaperones calnexin (CNX) and calreticulin (CRT), the protein disulfide isomerases (PDIs), and

Kohli et al. Microbiology and Molecular Biology Reviews

December 2021 Volume 85 Issue 4 e00035-21 mmbr.asm.org 2

https://mmbr.asm.org


the DNAJ chaperones. They are dedicated to the co- and posttranslational folding of poly-
peptides. They can detect and bind unfolded and misfolded proteins and constitute the
essential recognition components for the degradation machinery (36). They also have the
ability to protect proteins from stress-induced denaturation, misfolding, and aggregation
and to assist the UPR and can regulate apoptotic signaling pathways as well as immune
responses. In addition, most ER chaperones contribute to calcium buffering in the ER lumen
by binding calcium (37). Some of them can migrate to the cell surface, where they also play
important roles in cell survival/apoptosis as well as in immune responses (38).

This review will focus on the role of these ER chaperones in productive viral infec-
tion. We will analyze their role in the folding and quality control of viral proteins, in var-
ious steps of the infectious cycle, and how they are exploited by viruses to avoid apo-
ptosis of the host cell as well as immune responses. The sometimes-overlapping
activities of ER chaperones, their pleiotropic roles, and the complexity of their network
make them difficult cellular components to target therapeutically. However, there are
some interesting results that have been achieved so far in the field of broad-spectrum
antiviral strategies which we will discuss in the present review.

GLUCOSE-REGULATED PROTEINS GRP78 AND GRP94 IN VIRAL INFECTION

GRP78 (also called BiP [binding immunoglobulin protein] or HSPA5) and GRP94
(also called Gp96 or HSPC4) are the most abundant ER chaperones.

GRP78

GRP78 is considered the master regulator of ER functions. This member of the HSP70
family is comprised of an N-terminal nucleotide binding domain (NBD) endowed with
ATPase activity and a C-terminal substrate binding domain (SBD) bridged by a linker. In
mammalian cells, GRP78 is assisted by HSP40/DNAJ cochaperones for binding of the pro-
tein to be chaperoned (often called client protein) and hydrolysis of ATP to ADP and by
nucleotide exchange factors (NEFs) and GRP170 for the release of ADP and the client (39)
(Fig. 1A). GRP78 binds nascent proteins as they transit to the lumen of the ER, ensuring de
novo polypeptide folding, their subsequent assembly, and transport. GRP78 also protects
proteins from stress-induced misfolding and aggregation. In addition, GRP78 can target
misfolded proteins for degradation by guiding them to the retrotranslocation machinery
at the ER membrane, where they are ubiquitinated before being delivered to the protea-
some (reviewed in reference 40). Finally, GRP78 is also a calcium binding protein involved
in maintaining calcium homeostasis (37). This chaperone is considered a major regulator
of the UPR, acting as an ER stress sensor. Under normal conditions, it binds to the three
transmembrane UPR transducers, IRE1a, PERK, and ATF6, keeping them in an inactive con-
formation. Upon ER stress, GRP78’s higher affinity for exposed hydrophobic residues on
unfolded proteins causes it to release the effectors that can therefore initiate UPR. At the
same time, because of its antiapoptotic properties, GRP78 can block ER stress-induced cell
death. Indeed, GRP78 can bind and repress some effectors of the apoptotic signaling path-
way, such as caspase-7 and -12 and BIK (Bcl-2-interacting killer), a BH3-only protein of the
bcl-2 family localized on the outer membrane of the ER (41–43). Furthermore, under stress
conditions, GRP78 can be exposed at the cell surface (38), where it assists membrane pro-
teins in transducing signal.

GRP78 is by far the most studied ER chaperone for its role in the progression of viral
infectious cycles and the modulation of cell survival and of immune responses. In addi-
tion, an increased expression of GRP78 (reflecting ER stress) has often been reported in
cells infected either in vitro or in vivo with DNA or RNA viruses or in cells transfected
with a wide range of viral proteins (7).

Role in the virus life cycle. (i) Virus entry. Although GRP78 is mainly expressed in
the ER, it can also be found on the cell surface. GRP78 levels at the cell surface are usu-
ally low but upregulated under ER stress conditions, including when caused by virus
infection (38). An increase in cell surface GRP78 has also been observed in uninfected
bystander cells in the proximity of neurons infected with dengue virus (DENV) (44).
This suggests intercellular communication of ER stress. Viruses use specific cell surface
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receptors to attach to target cells, and this first interaction may be followed by a sec-
ond one before penetration into the cell. Since GRP78 can interact with a number of vi-
ral envelope proteins, it can act as a coreceptor for virus entry (Fig. 2). The identifica-
tion of GRP78 as a coreceptor was first described for coxsackie A9 virus (CVA9) by
Triantafilou et al. in 2002 (45). They showed that CVA9, which utilizes integrin avb3 as
a receptor, requires GRP78 as a coreceptor molecule, whereas major histocompatibility
complex class I (MHC-I) molecules associated with GRP78 serve as the internalization
pathway of this virus. They further showed that the avb3 receptors along with GRP78
and MHC-I accessory molecules are present within lipid rafts at the plasma membrane
(46). Borna disease virus (BDV), a highly neurotropic virus, may also use GRP78 as a cor-
eceptor (47). GRP78 can interact with domain III of envelope E proteins of Japanese en-
cephalitis virus (JEV), DENV, and Zika virus (ZIKV) (48–51), the E protein playing a key
role in receptor binding during virus entry. Wu et al. (52) showed that JEV could use
GRP78 present in lipid rafts for efficient cell surface attachment. GRP78 was found to
be expressed at the plasma membrane of Neuro2a (a murine primary neuronal cell
line) and Huh-7 (a human epithelial cell line) cells. In these, the presence of an antago-
nist antibody targeting the N-terminal domain of GRP78 (amino acids [aa] 1 to 100) or
depletion of GRP78 significantly inhibited JEV entry (49), supporting GRP78’s role in vi-
rus uptake. JEV uses GRP78 as a coreceptor for entry, while heparan sulfate

FIG 1 Glucose-regulated ER chaperone structures. (A) GRP78. Upper panel, structure in the ATP-bound state (SMTL ID 5e84). NBD,
nucleotide binding domain; SBD, substrate binding domain. Arrows indicate the two sites which have been targeted by inhibitors,
i.e., the ATP binding site for ATPase inhibitors (ATP mimicry) and the site of interaction (SBDb) with the glycoprotein S of SARS-
CoV-2 (205). Lower panel, GRP78 folding cycle. Involvement of cochaperones (DNAJ, NEF) and inhibitors are shown. (B) GRP94.
Upper panel, structure in the ATP-bound state (homodimer, SMTL ID 5uls.1). PU-WS13 targets the ATP binding site (109). Lower
panel, GRP94 cycle. Exactly where in the cycle the client proteins are bound and released is unclear.
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proteoglycans (HSPGs) and glycosaminoglycans (GAGs) serve as attachment factors
(53). Finally, GRP78 was reported to comigrate with JEV particles in sucrose density gra-
dients, and those mature viruses that do not cofractionate with GRP78 showed a signif-
icant decrease in infectivity (52). However, a more recent study did not confirm these
results (49). This discrepancy could be explained by differences in the methodologies
of the two studies.

Recently, Khongwichit et al. reported that the N-terminal domain of GRP78 also
plays an important role in ZIKV internalization (50). As for DENV, GRP78 was first
reported to act as an entry coreceptor in HepG2 (human liver) cells (54). However,

FIG 2 Summary of the role of ER chaperones in viral entry of enveloped (A) and nonenveloped (B) viruses. (A) Enveloped viruses.
ER chaperones involved either in viral attachment as coreceptors or through specific client proteins or in fusion. (B)
Nonenveloped viruses, for example, polyomaviruses. PDIs, GRP78, and DNAJ ER chaperones work in conjunction with cytosolic
chaperones to allow cytosolic entry of polyomaviruses after trafficking to the ER following receptor-mediated endocytosis. Inside
the ER, PDIs first destabilize the capsid, exposing the hydrophobic VP2 and VP3 proteins. This allows GRP78 binding and
transport to the ER membrane, where the capsid binds to the B cell receptor-associated protein 31 (BAP31) and is inserted.
Various transmembrane DNAJs contribute to forming foci at the membrane, where the inserted capsids are extracted into the
cytosol by HSC70 and HSP105.
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another study in HEK 293T cells concluded that GRP78 had no role in DENV virus entry,
although it was important during viral antigen production (44).

Besides CVA9, BDV, JEV, and ZIKV, several betacoronaviruses, RNA viruses that attach
and enter cells via their envelope spike protein (S), have been shown to use GRP78 as a
coreceptor. Chu et al. (55) identified membrane-associated GRP78 as an additional binding
target of the Middle East respiratory syndrome coronavirus (MERS-CoV) spike, the main cell
receptor being dipeptidyl peptidase 4 (DPP4). They showed that GRP78 could not render
nonpermissive cells susceptible to MERS-CoV infection on its own but could facilitate MERS-
CoV entry into permissive cells by increasing virus attachment. Moreover, GRP78 could also
interact with the spike protein of a bat coronavirus, HKU9 (bCoV-HKU9), and facilitate its
attachment to the host cell surface. Angiotensin-converting enzyme 2 (ACE2) is the main re-
ceptor for the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) responsible
for the COVID-19 pandemic. However, Ibrahim et al. (56) hypothesized that the spike pro-
tein S of SARS-CoV-2 could also bind to GRP78, as observed for MERS-CoV. Using in silico
models, they proposed that residues 480 to 488 (located in the receptor binding domain)
of the spike protein could interact with the substrate binding domain (SBD) of GRP78. They
raised the possibility that GRP78 could be a facilitator for SARS-CoV-2 viral entry. Using sev-
eral in vitro and ex vivo models, Aguiar et al. (57) demonstrated the presence of GRP78 in
the respiratory mucosa. They suggested that alternative receptors for SARS-CoV-2 could
exist and facilitate initial host cell infection. The different viruses for which GRP78 facilitates
entry are summarized in Fig. 2.

To summarize, these different studies show a role for membrane-bound GRP78 as a
coreceptor to facilitate viral entry after attachment. The GRP78 domains involved have
been reported for SARS-CoV-2 (SBD), JEV, and ZIKV (N-terminal domain [aa 1 to 100]).
Whether inhibitors of the ATPase activity of GRP78 could inhibit these interactions
deserves to be explored. In any case, monoclonal antibodies targeting the regions
involved may represent relevant approaches to inhibit GRP78 as a host cell coreceptor
for these viruses.

(ii) Viral protein folding, virus assembly, and production. GRP78 has been shown
to colocalize and interact with many viral proteins from both DNA and RNA viruses,
mainly glycoproteins that are essential for the formation of the viral envelopes (Fig. 3).
Examples include hemagglutinin (HA) (58, 59) and neuraminidase (NA) (60) of influenza
virus, F protein of respiratory syncytial virus (RSV) (61), L protein of hepatitis B virus
(HBV) (62), and E envelope proteins of Chikungunya virus (CHIKV) (8) and of several fla-
viviruses, such as DENV (48, 63), JEV (52), ZIKV (50, 51), and hepatitis C virus (HCV) (64,
65). The role of GRP78 in the folding of viral envelope glycoproteins has been studied
using influenza virus HA as a model. The HA transmembrane glycoprotein is synthe-
tized as an 84-kDa precursor (HA0) in the ER and then undergoes rapid initial folding
and trimerization before being transported to the Golgi complex. Hurtley et al. (58)
reported that both spontaneously misfolded HA0 (about 5 to 10% of newly synthetized
molecules in their model) and aberrant HA0 molecules synthesized in the presence of
tunicamycin, a drug that inhibits N-linked glycosylation, rapidly self-aggregated and
associated with GRP78 in a permanent noncovalent way. The complexes were retained
in the ER and slowly degraded. HA folding seemed to be independent of GRP78 but
dependent on the lectin-like chaperones CNX/CRT, suggesting that GRP78 is more
likely involved in misfolded protein degradation than in folding of nascent HA.
Molinari and Helenius (59) proposed that glycoproteins such as HA that have glycans
close to the NH2 terminus enter the CNX/CRT pathway directly without prior binding
to GRP78, whereas glycoproteins like the Semliki Forest virus E1 and vesicular stomati-
tis virus (VSV) glycoproteins, which have C-terminal glycans, first associate with GRP78.
In a similar manner, GRP78 and CNX/CRT were shown to interact with the E1 and E2
envelope glycoproteins of HCV. E1 and E2 proteins form a heterodimer before leaving
the ER compartment. During their folding process, a significant amount of these pro-
teins form aggregates that considerably decrease the yield of heterodimer assembly.
GRP78 has been shown to interact preferentially with misfolded aggregates, leading to
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nonproductive folding, whereas CNX was involved in proper folding of E1-E2 (64). In
fact, it is now known that HSP70 family proteins, including GRP78, are recruited to pro-
tein aggregates by cochaperones of the DNAJ family, which recognize sequences pre-
dicted to have high aggregation potential (66–68).

The importance of GRP78 in the production of viral particles was demonstrated for fla-
viviruses, RNA viruses that specifically replicate and assemble at the ER membrane. Using
GRP78 knockout (KO) cells infected with DENV, Limjindaporn et al. (48) observed a 90%
decrease in the production of infectious viral particles. In the same way, Wati et al. (44)
showed that inactivation of GRP78 by cleaving it with the bacterial subtilase cytotoxin
(SubAB) decreased DENV release by 10- to 100-fold without affecting viral RNA levels. As
for ZIKV, GRP78 knockdown by a small interfering RNA (siRNA) induced a significant
decrease in viral titer and in viral genome copies (50, 51). Royle et al. (51) reported that
siRNA-mediated depletion of GRP78 decreased ZIKV protein synthesis and viral titers and
altered the localization of viral replication factories (Fig. 3). It has been suggested that
GRP78 may be involved in JEV assembly as GRP78 knockdown impaired virus production

FIG 3 Summary of the roles of ER chaperones in viral protein folding, virus assembly, RNA replication, and cell exit. (A) Viral protein folding.
ER chaperones reported to interact with, fold, or degrade the listed viral proteins. FLUAV, influenza A virus; RABV, rabies virus; RV, rotavirus.
(B) Virus assembly. GRP78 contributes to the structure and function of the viral assembly compartment (VAC) of CMV. (C) RNA replication.
ER chaperones involved in replication factories of flaviviruses. (D) Cell exit. GRP78 is involved in EBOV cell exit.
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and GRP78 colocalized in round perinuclear structures along with E envelope proteins
(52). Interestingly, the E protein has been shown to play an important role in the formation
of flavivirus assembly units (69). However, the precise role of GRP78 and of other potential
ER chaperones in this step of the cycle remains unknown.

Finally, an indirect role of GRP78 in flavivirus production has been proposed.
Jitobaom et al. (63) reported an interaction between GRP78, the host cell’s voltage-de-
pendent anion channel (VDAC), and the viral E protein of DENV. DENV infection
induced the translocation of VDAC from the outer membrane of mitochondria toward
the ER. Silencing of VDAC decreased viral protein production, demonstrating the im-
portance of this relocalization. Similar results were obtained for JEV in insect cells (70).
GRP78 has also been involved in rotavirus morphogenesis, another virus assembling in
the ER (71). Finally, a specific role for GRP78 in virus assembly has been reported for
human cytomegalovirus (HCMV), a DNA virus from the Herpesviridae family whose vi-
rion assembly does not occur in the ER but in a cytoplasmic compartment located in
the perinuclear area (Fig. 3). Buchkovich et al. (72) showed that the immediate early
protein IE1-72 of cytomegalovirus upregulates GRP78 gene transcription and protein
levels. In infected cells, GRP78 was found localized in the viral assembly compartment,
where it interacts with the HCMV virion tegument proteins pp28 and TRS1, which play
a role in viral assembly (73, 74). Depletion of GRP78 by SubAB or short hairpin RNA
(shRNA) blocked virion assembly and disorganized the assembly compartment (73),
suggesting that GRP78 contributes to the structure and function of this compartment.

(iii) Progeny virion release. The last step in a successful viral life cycle is the release of
progeny virions. Few data are available concerning the role of GRP78 in this stage. Reid
et al. (75) used epigallocatechin gallate (EGCG) to inhibit the GRP78 ATPase activity and
show that GRP78 is essential for Ebola virus (EBOV) infection (Fig. 3). Furthermore, in vitro
and in vivo gene targeting of GRP78 impaired viral replication and protected animals in a
lethal infection model. Researchers used cells transfected with a GRP78 targeting siRNA to
show that cellular release of VP40 (an EBOV protein required for viral particle release) vi-
rus-like particles required a functional GRP78. The mechanism was not determined in this
study; however, GRP78 had been previously shown to interact with VP40 (76).

In summary, even though many studies have reported the interaction and colocali-
zation of GRP78 with several viral proteins as well as a decrease in virus production
upon GRP78 depletion, few have deciphered the precise mechanisms involved. Little is
especially known on how the chaperone contributes to the assembly of viruses that
replicate and assemble in the ER. The contribution of GRP78, in particular when mem-
brane bound or secreted by ER stress, to viral egress is also unknown.

Role in cell survival/apoptosis. In the context of cancer, GRP78 is a well-known pro-
survival protein which prevents apoptosis and induces cell proliferation, including during
ER stress (77). However, Mukherjee et al. (18) proposed that upregulation of GRP78 in
JEV-infected neural/stem progenitor cells was essential in mediating ER stress-induced
apoptosis. In their study, knockdown of GRP78 using an siRNA decreased both viral load
and caspase-3 activation. On the other hand, BHK-21 cells with persistent JEV infection
resist virus-induced apoptosis through constant upregulation of GRP78 expression,
resulting in the complete depletion of the C/EBP homologous protein (CHOP). That
could explain in part the development of persistent JEV infection in mammalian cells
(78). In the case of HBV, Shu et al. (79) recently demonstrated that GRP78 was upregu-
lated by HBV in hepatocytes, and this inhibited HBV transcription and replication and
played a crucial role in the survival of hepatocytes by maintaining mild ER stress. They
suggested that HBV may sacrifice part of its replication in order to establish a persistent
infection through induction of GRP78 and concluded that targeting GRP78 may be an
interesting therapeutic strategy against chronic HBV infection and the associated hepa-
tocellular carcinoma. Upregulation of GRP78 by HBV may result from the induction of ER
stress or from direct activation of GRP78’s promoter by HBV proteins (80).

In the case of human immunodeficiency virus 1 (HIV-1), Lopez et al. (81) reported
differences in cell survival or apoptosis of U87-MG astrocytoma cells depending on
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whether the cells were infected by the B or C strains. The authors concluded that this
could explain differences in neuropathogenesis induced by the two clades (82). They
showed that the HIV-1 envelope glycoprotein gp120 from clade B induced prolifera-
tion of astrocytoma cells that relied on the expression of GRP78. gp120 from HIV-1
clade C, on the other hand, induced proapoptotic markers. GRP78 seemed to be a key
player in HIV-1 clade B and C neuropathogenic discrepancies, in accordance with the
fact that GRP78 was reported to be upregulated in HIV-positive cortical tissue from
autopsied neurocognitively impaired individuals (83).

Role in immune responses. GRP78 has been reported to have either a pro- or anti-
viral effect, depending on its role in immune responses, as summarized in Table 1.
Inhibition of cell surface expression of MHC-I molecules by HCMV is a well-known
mechanism of cellular escape from recognition by CD81 cytotoxic T lymphocytes
(CTLs). This is due to the degradation by the proteasome of the heavy chain of MHC-I
during the early phase of infection, mediated by the HCMV US2 and US11 gene prod-
ucts. GRP78 was reported to contribute to this process by binding to MHC-I in a US2-
dependent manner, consistent with its role in aberrant ER protein elimination (84, 85).
On the other hand, GRP78 has been shown to have an antiviral effect via the innate
immune response, especially the interferon (IFN) type I response. Ma et al. (86) showed
that GRP78 was one of the most significantly upregulated proteins induced by HBV
replication in HepAD38 and HepG2 cells as well as in HBV-infected human liver biopsy
specimens, whereas its amount decreased in the liver of chronic hepatitis B patients af-
ter effective anti-HBV treatment. Knockdown of GRP78 induced an increase in HBV viri-
ons in HepG2 cells, whereas its overexpression led to HBV suppression that correlated
with the activation of the IFN-b1-mediated 29,59-oligoadenylate synthetase and RNase
L signaling pathway. In the case of HCV, it has been reported that GRP78 contributes
to the innate immune response in hepatocytes through TLR3 and IRF3 (interferon reg-
ulatory factor 3) (87). The authors showed that TLR3-dependent induction of IFN-stimu-
lated genes and chemokines was compromised by depletion of GRP78. Moreover,
expression of GRP78 correlated with that of RANTES (regulated upon activation, normal
T-cell expressed and secreted) and CXCL10, two inflammatory chemokines frequently

TABLE 1 Role of ER chaperones in immune responsesa

Chaperone Antiviral immune response Immune escape
GRP78 IFN response: 2959-oligoadenylate synthetase and

RNase L activation (HBV) (86); TLR3-mediated IRF-3
activation (stabilizes p-IRF3 in endolysosomes) (HCV)
(87); IFI-6 stabilization (prevents the formation of
replication factories) (DENV, YFV, ZIKV, WNV) (88)

Contributes to MHC class I heavy chain degradation
mediated by US2 protein (HCMV) (GRP78-CNX-CRT-
US2 complex) (84, 85)

GRP94 APC peptide cross-presentation: extracellular GRP94
proposed as an adjuvant for vaccination

Potential TGF-b activation by chaperoning GARP and
integrins; suggested role in immunosuppression
induced by E2 protein (membrane GRP94, HCV)
(105, 120, 122, 123)

CNX Contributes to MHC class I heavy chain degradation
mediated by US2 protein (HCMV) (see above) (84)
and E5 protein (HPV) (148); contributes to CD1d
degradation mediated by E5 protein (HPV) (149)

CRT Immunogenic cell death (membrane CRT, many viruses)
(151)

Contributes to MHC class I heavy chain degradation
mediated by US2 (HCMV) (84); decreases IFN-a
production and activity (HBV) (150)

PDIs Proposed to improve HA vaccine immunogenicity in
mice (PDIA3, FLUAV) (177)

Contribute to MHC class I heavy chain degradation
mediated by US2 (HCMV) as a component of the
signal peptide peptidase-mediated ERAD (PDIA1,
PDIA3) (174); inhibit TNF-a production by
monocytes (PDIA3, DENV) (175)

DNAJC3 (P58IPK) Regulates PKR, leading to a decrease in eIF2a
phosphorylation and IRF3-mediated IFN type I and III
production (FLUAV [189]; coronaviruses? [191])

aFLUAV, influenza A virus.
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elevated in HCV-infected livers. Of note, as with HBV, GRP78 was significantly upregu-
lated in livers from patients with chronic hepatitis C. Finally, Richardson et al. (88)
reported that GRP78 interacts with and stabilizes IFI6 (IFN alpha [IFN-a]-inducible pro-
tein 6), an antiviral protein which prophylactically protects uninfected cells by prevent-
ing the formation of single-membrane invaginations of the ER caused by some flavivi-
ruses, including yellow fever virus (YFV), West Nile virus (WNV), DENV, and ZIKV. This
was not the case with HCV, which replicates in double-membrane vesicles that pro-
trude outwards from the ER. They proposed that GRP78 facilitates the proper folding
and/or localization of IFI6 at the ER membrane and thus regulates the IFN response to
these flaviviruses (88). Thus, their findings suggest a model in which the IFN response
is armed with membrane-targeted effectors that block the establishment of the ER
microenvironment required for viral replication. So far, IFI6 is the only such effector
reported to be stabilized by GRP78.

GRP94

GRP94 belongs to the HSP90 family. Like the other HSP90s, GRP94 contains three
major domains, the N-terminal domain (N), which is linked to the middle domain (M)
via a charged linker, and the C-terminal (C) domain. The N domain is the site of ATP
binding, the M domain is involved in ATP hydrolysis, and the C domain is required for
homodimerization (Fig. 1B). In GRP94, the N domain is preceded by a pre-N domain
that is not conserved in the other HSP90s and has been identified as essential for client
protein maturation and ATPase activity regulation (89). The M domain is a calcium
binding domain. GRP94 is a chaperone involved in folding and/or assembly of mem-
brane and secreted proteins, many of them being involved in immune responses. It
also contributes to calcium buffering in the ER and to targeting misfolded proteins to
ERAD (90).

Role in the virus life cycle. (i) Virus entry. GRP94 has been shown to be involved in
cell entry for two viruses, vesicular stomatitis virus (VSV) and human herpesvirus 6
(HHV-6) (Fig. 2). VSV causes vesicular stomatitis in domestic animals. Although the dis-
ease is usually mild in humans, VSV has gained interest because of significant biomedi-
cal potential. Indeed, it is being developed into an oncolytic agent for cancer therapy.
Bloor et al. (91) showed that GRP94 was essential for infection with VSV, as viruses
bearing the envelope protein G are unable to enter GRP94-deficient cells. They showed
that the ATPase activity of GRP94 is necessary, suggesting that GRP94 is required
because it chaperones a cellular protein(s) essential for viral entry. Finkelshtein et al.
(92) further reported that these cellular proteins are members of the low-density lipo-
protein (LDL) receptor family (93) that serve as cellular receptors for VSV. As an integrin
chaperone, GRP94 is expected to be necessary for integrin-mediated cell attachment
or entry of several enveloped viruses (e.g., HIV, WNV, JEV, ZIKV, HSV, or probably SARS-
CoV2). In addition, naked viruses (e.g., HAV, HEV, adenoviruses) have been shown to be
packaged into extracellular vesicles by infected cells at a prelytic stage. These vesicles,
expressing integrins and/or integrin ligands on their surface, may facilitate integrin-
mediated entry in target cells (94). Concerning HHV-6, a herpesvirus belonging to the
Betaherpesvirus subfamily, the cellular receptors on T cells are CD46 and CD134 for
HHV-6A and HHV-6B, respectively. Prusty et al. (95) first reported that GRP94 interacts
with HHV-6A virions and contributes to HHV-6A attachment to target cells during
infection of the HSB-2 cell line. They also found that HHV-6A infection promotes GRP94
expression at the cell surface. Ma et al. (96) found that the viral glycoprotein gQ1 from
both HHV-6A and HHV-6B interacts with GRP94 and that depletion of GRP94, competi-
tion with soluble GRP94, or its blockade with an antibody inhibited HHV-6 infection.
They also found that cell surface expression of GRP94 was induced as early as 5 min
postinfection. How GRP94 functions together with CD46 or CD134 during cell entry
remains unclear.

GRP94 could also act early in the viral entry process by regulating cellular proteases
responsible for the cleavage of viral envelope glycoproteins involved in cell entry.
Indeed, whereas binding to the host cell receptor/coreceptor is an essential first step
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in establishing infection, the proteolytic activation step is often critical for viral fusion
with the host cell membranes (97). This is notably the case for coronaviruses, whose
envelope spike protein S needs to be activated by proteases (98). The S proteins of
HKU1, MERS-CoV, and SARS-CoV-2, but not SARS-CoV, contain a furin-like cleavage site,
and cleavage by furin at the S1/S2 site is essential for SARS-CoV-2 entry into human
lung cells (99–102). Cell surface TMPRSS and lysosomal cathepsins have also been
shown to be involved in further cleavage of the S protein of SARS-CoV-2 (101, 103).
Furin preactivation allows SARS-CoV-2 to be less dependent on target cells. GRP94 has
been shown to interact with and to regulate furin in HEK293F cells, and inhibition of
GRP94 with an siRNA suppresses intracellular trafficking of furin as well as its proteo-
lytic activity on the zymogen of the metalloproteinase ADAMTS9 at the cell membrane
(104). We recently found that GRP94 directly interacts with cathepsin L (105). These
reported data suggest that GRP94 activity could potentially impact viral entry by mod-
ulating furin and cathepsins.

In conclusion, GRP94 acts as a coreceptor interacting with HHV-6 glycoprotein gQ1
to facilitate entry of HHV-6 after attachment, but, conversely to GRP78, the region of
GRP94 involved remains unknown. On the other hand, GRP94 has been shown to
chaperone cellular receptors (LDLR). In this case, the ATPase activity is necessary and
thus could be targeted by specific inhibitors (see below). While its involvement as a
chaperone of integrins has not been reported, it should be noted that integrins are
receptors of several enveloped viruses and may play a role in the entry of naked
viruses enclosed in extracellular vesicles. Lastly, GRP94, through its association with the
proteases cathepsin L and furin, might be involved in the cleavage of envelope pro-
teins of several highly pathogenic viruses. This, however, has yet to be reported. All to-
gether, these findings strengthen the interest of GRP94 as a broad-spectrum antiviral
target.

(ii) Viral protein folding and virus production. GRP94’s role in viral protein folding
has been shown for the HBV polymerase by Kim et al. (106). They showed that GRP94
was associated with HBV polymerase and was necessary for the latter’s production in
an active conformation in the human liver HepG2 cell line. As reported for GRP78 (59,
64), GRP94 plays a role in protein quality control by eliminating misfolded viral proteins
that may compromise viral replication. Indeed, Ramakrishnan et al. (107) reported that
GRP94 forms a stable association with mutated glycoprotein B of herpes simplex virus
1 (HSV-1) but not with the fully processed viral protein. Rothan et al. identified GRP94
as essential in the DENV and ZIKV infectious cycles (108). They showed that GRP94
knockout inhibited DENV2 replication in Huh-7 cells by decreasing viral protein (enve-
lope and NS3) synthesis and final virus production. Moreover, PU-WS13, a specific in-
hibitor of GPR94 (109), decreased DENV2 and ZIKV viral titers. These antiviral activities
were observed for multiple DENV serotypes and ZIKV strains. The authors propose that
GRP94 could be involved in protein folding and/or delivering misfolded proteins to the
ERAD, thus avoiding accumulation of misfolded proteins that could interfere with viral
replication. In support of this hypothesis, they showed that GRP94 was a critical com-
ponent of the HrD1 ubiquitin ligase complex that has an essential role in flavivirus rep-
lication, although the mechanism is not currently understood. The different viruses for
which GRP94 facilitates viral protein folding are summarized in Fig. 3.

Role in immune responses. GRP94 is a master chaperone for immune responses,
and, like GRP78, it has a dual role. It increases inflammatory and immune responses as
it acts as a molecular chaperone for most TLRs, particularly TLR7, and for most integrins
(110, 111). Also, secreted GRP94 initiates inflammatory conditions in the absence of
other activators by activating NF-kB and the NLRP3 inflammasome in antigen-present-
ing cells (APCs) (112). GRP94 also favors cross-presentation of antigenic peptides by
APCs (113). In addition, our team has shown that extracellular GRP94 can interact with
C3, the key protein of the complement system (114). We have also recently shown that
GRP94 was present at the cell surface of M2 but not M1 macrophages. In these cells,
functional GRP94 was secreted under ER stress conditions, and this correlated with a
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switch to a proinflammatory profile which was dependent on activation of the UPR
through IRE1a. Under these conditions, GRP94 is cosecreted with C3 and may facilitate
its cleavage by cathepsin L. We also showed that GRP94 interacts directly with cathep-
sin L (105). Finally, GRP94 controls regulatory T cells by chaperoning GARP (glycopro-
tein A repetitions predominant), the docking receptor for transforming growth factor
beta (TGF-b) (115) and the integrins avb6 and b8 involved in its release.

Although GRP94 has been involved in these numerous immune responses, when it
comes to viral infections, it has mostly been studied for its adjuvant properties. This is a
consequence of its ability to bind intracellular viral peptides and promote their cross-pre-
sentation by MHC class I molecules in professional APCs. This in turn activates peptide-spe-
cific CTL responses (Table 1). CD91, a major endocytosis receptor, has been proposed to
be essential for GRP94 binding and endocytosis by APCs (113). However, it was later dem-
onstrated that CD91 was dispensable and that fluid-phase, rather than receptor-mediated,
mechanisms predominate during GRP94 peptide internalization and entry into the cross-
presentation pathway (116). In addition, this report established heparin sulfate proteogly-
cans as cell surface GRP94 binding sites. The use of GRP94 as an adjuvant has been pro-
posed for different viral vaccines. For example, Ju et al. showed that GRP94 elicited a
cross-protective CD81 T cell response against the conserved internal viral nucleoprotein
NP (117). This cross-protection was proven effective against challenges with a heterol-
ogous influenza virus in mice. It has also been reported that immunization of transgenic
HBV-replicating mice with a combined formulation of HBV surface (HBs) and core (HBc)
antigens along with GRP94 induced robust antiviral T cells and antibodies as well as a
decrease in regulatory T cells (Tregs) (118). This correlated with a decrease in serum HBs
Ag and HBV DNA levels, suggesting a therapeutic effect. A significant enhancement in cel-
lular responses against HBc Ag and in infiltration of CD81 T cells in transgenic mouse livers
was observed with GRP94 treatment. Selinger et al. also proposed the use of GRP94 as an
adjuvant for vaccination against HIV (119).

GRP94’s immunosuppressive role has not been reported in viral infections.
Nevertheless, although its own role has not been deciphered, cell surface migration of
GRP94 has been associated with increased TGF-b production in a hepatocyte cell line
following transfection with the hepatitis C E2 envelope protein (120). The authors of
the study showed that this resulted from the degradation by E2 of AIMP1/p43 (amino-
acyl-tRNA synthetase-interacting multifunctional protein 1/p43), which is a protein that
retains GRP94 in the ER (121) and negatively regulates TGF-b signaling (122). More
specifically, E2 inhibited the interaction between GRP78 and AIMP1/p43 in which
GRP78 stabilizes AIMP1/43. Of note, in the same study, GRP94 migration to the cell sur-
face was also observed when E2 protein was expressed in a B lymphocyte cell line.
Moreover, Kwon et al. (123) analyzed the interactions of HCV E2 with human mono-
cyte-derived macrophages and showed that it induced a polarization of macrophages
toward an M2-like anti-inflammatory phenotype, which is consistent with the increase
in TGF-b production by hepatocytes. Although they did not study GRP94 specifically,
we can hypothesize that E2 also induces AIMP1 degradation and GRP94 migration to
the cell membrane in macrophages, consistent with our findings in which we showed
that membrane GRP94 is a signature of M2 macrophages (105).

The potential effects of GRP94 in immune escape are summarized in Table 1.

OTHER ER CHAPERONES
The Carbohydrate or Lectin-Like Chaperones Calnexin and Calreticulin

The transmembrane protein calnexin (CNX) and its soluble paralog, calreticulin
(CRT), are chaperones specifically located in the ER to ensure the proper folding of gly-
coproteins (reviewed in reference 124) (Fig. 4A). N-linked glycoproteins are first
cotranslationally modified at the luminal face of the ER through the addition of one or
more precursor glycans. Interaction of the polypeptide chain with CNX/CRT takes place
after the sequential cleavage of the two terminal glucose residues by glucosidases I
and II. If a protein is still misfolded, it is reglucosylated and rebinds to CNX/CRT. This is
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referred to as the CNX/CRT folding cycle. Proteins that fail to emerge from the CNX/
CRT folding cycle are targeted for ERAD. CNX/CRT also play a major role in calcium buf-
fering in the ER (37).

Role in the virus life cycle. Glycoproteins are one of the major components of
human-pathogenic viruses. They are key actors of enveloped virus infectivity, as they
allow virus attachment to host cell receptors, fusion of the viral envelope with the cell
membrane, and viral release. Glycoproteins also play a role in immune evasion either
as secreted decoys or because they mimic host glycans (glycan shield) (125). CNX and
CRT, which have similar oligosaccharide preferences (126), are essential in the folding
of all viral glycoproteins as long as they have an N-linked glycan. These include enve-
lope proteins of several viruses, such as influenza virus (HA and NA) (59, 127–129), HBV
(M protein) (130), rabies virus (G protein) (131), HSV-1 (gB, gC, and gD) (132), HCMV
(gB) (133), Hantaan virus (Gn, Gc) (134), EBOV (GP) (135), and HIV-1 (gp160) (136, 137).
This is also true for nonenveloped virus glycoproteins such as the nonstructural protein
NSP4 of rotaviruses, which is synthesized as an ER transmembrane protein and plays
an important role in morphogenesis and pathogenesis (138), and the viral interleukin 6
produced by human herpesvirus 8 (v-IL-6) (139) (Fig. 3). The binding of CNX to glyco-
proteins has been analyzed by Hammond et al. (127) in a study using influenza A virus
(FLUAV) HA as a model. They showed the high affinity of CNX for proteins with mono-
glucosylated oligosaccharides. Tatu et al. (128) identified several intermediates in the
conformational maturation process of HA. CNX can associate with the incompletely
oxidized, monomeric forms of HA. Once fully oxidized, these intermediates dissociate
from CNX and can assemble into mature homotrimers. The cotranslational maturation
process of FLUAV NA has been deciphered by Wang et al. (129). They showed that NA
formed intramolecular disulfide bonds prematurely and aggregated when CNX and
CRT were absent. Sequential binding with, first, CNX and then CRT is required for

FIG 4 CNX/CRT and PDI cycles. (A) CNX/CRT cycle. N-linked glycoproteins are cotranslationally modified at the luminal face of the ER through the addition
of one or more precursor glycans in the form of Glc3Man9GlcNAc2 by the oligosaccharyl transferase complex (OST). Interaction of the nascent polypeptide
chain with CNX/CRT takes place after sequential cleavage of the two terminal glucose residues by glucosidases I and II. Folded glycoproteins are
transported to the Golgi compartment following release of the third and last terminal glucose by glucosidase II. If a protein is misfolded, it is
reglucosylated by UDP-glucose:glycoprotein glucosyltransferase (UGGT) to allow its rebinding to CNX/CRT. This is referred to as the CNX/CRT folding cycle.
Proteins that fail to emerge from the CNX/CRT folding cycle in a folded state are targeted for ERAD. The inhibitors so far described of the CNX/CRT cycle
target glucosidases I and II. (B) PDI cycle. Oxidized PDIs catalyze disulfide bond formation of nascent peptides in the ER (upper part). At the cell membrane,
PDIs act primarily as reductants of viral glycoproteins and induce conformational changes allowing fusion (lower part). Arrows indicate the sites which have
been targeted by inhibitors.
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efficient and accurate maturation. Inhibition of the interaction between CNX and the
M protein of HBV blocked the secretion of viral envelopes of HBV (130). A role for CNX
along with CRT and GRP78 in the folding and assembly of HCV glycoprotein E1-E2 het-
erodimer complexes has been reported (64, 140). CRT and GRP78 interact preferentially
with aggregates, whereas CNX associates with monomeric forms of HCV glycoproteins
or noncovalent complexes (140). As with the knockdown of GRP78, CNX or CRT knock-
down by siRNAs decreased the production of infectious dengue virions by about 50%
(48). The authors furthermore show that the interaction of these three chaperones
with the DENV E protein plays an important role in virion production. Concerning HIV-
1, it has been suggested that it may be stabilized by binding of CNX to both the glycan
and the peptide regions of gp160, as the a-glucosidase inhibitor castanospermine
failed to inhibit the interaction and to affect the infectivity of virions. Furthermore,
Jennelle et al. reported an increased risk of developing atherosclerosis in HIV patients
(141). They showed that this involved CNX and the HIV Nef (negative regulatory factor)
accessory protein. The interaction between the two disrupted the interaction of CNX
with the cholesterol efflux pump ABCA1 (ATP-binding cassette transporter A1) but
increased CNX’s affinity for HIV-1 gp160. 1-[(7-oxo-7H-benz[de]anthracene-3-yl)amino]
anthraquinone was discovered to block the Nef-CNX interaction, partially restoring
ABCA1 activity in HIV-infected cells and reducing foam cell formation in a culture of
HIV-infected macrophages (142). CNX was demonstrated to also control the matura-
tion of the spike protein S of SARS-CoV, and in the presence of a-glucosidase inhibi-
tors, the produced virions showed significantly lower infectivity than those produced
in the absence of those compounds (143). Williams and Goddard-Borger (144) sug-
gested that the S protein of SARS-CoV-2 is also likely folded by CNX and proposed
alpha-glucosidase inhibitors as antivirals for evaluation. Finally, Zhao et al., using a
CRISPR screening of a porcine single guide RNA (sgRNA) library, identified CRT as a
major host factor for JEV replication (145).

Role in immune responses. CNX and CRT have been shown to influence antigen
presentation to CD8 T cells by controlling the assembly of MHC class I molecules and
their cell surface expression (reviewed in references 146 and 147). Several viruses tar-
get the interaction between CNX and MHC class I molecules to escape CD8-mediated
immune responses (Table 1). For example, Gruener et al. (148) showed that the E5 pro-
tein of human papillomaviruses forms a ternary complex with CNX and the heavy chain
of HLA-I and causes retention of HLA-I molecules in the ER. Of note, E5 also targets
CD1d to the cytosolic proteolytic pathway by inhibiting CNX-mediated CD1d folding
and trafficking, resulting in the abrogation of CD1d-mediated production of interleu-
kin-12 that may help HPV-infected cells evade immunological surveillance (149). Oresic
and Tortorella (84) showed that CMV US2-mediated destruction of class I heavy chains
implicated CNX and CRT besides GRP78, showing that the same chaperones involved
in folding/maturation of MHC class I molecules are also quality control sensors that tar-
get misfolded proteins for degradation.

Concerning CRT, HBV upregulates its expression, resulting in increased viral replica-
tion. Indeed, CRT suppressed the production of endogenous IFN-a by reducing the nu-
clear translocation of IFN regulatory factor 7 (150). Furthermore, it also suppressed the
antiviral activity of IFN-a by inhibiting the phosphorylation of STAT1 and decreasing
the expression of two IFN-a downstream effectors, protein kinase R and 29,59-oligoade-
nylate synthetase (150).

Finally, CRT can be exposed at the cell surface during ER stress, especially on prea-
poptotic cells, where it acts as an eat-me signal favoring immunogenic phagocytosis.
CRT translocation to the plasma membrane depends on ER stress, especially PERK and
the phosphorylation of eIF2a, and on the apoptotic process involving caspase-8 activa-
tion, BAP31 cleavage, and Bak/Bax activation. Viruses have developed strategies (inhi-
bition of eIF2a kinases, inhibition of the caspase-8 pathway) that result in inhibition of
CRT exposure, thereby avoiding immunogenic cell death (reviewed in reference 151).
Cell surface CRT has been considered a key determinant and a biomarker of
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immunogenic cell death and is used to assess the efficacy of oncolytic viruses (152).
The effects of CNX and CRT in antiviral immune responses are summarized in Table 1.

Protein Disulfide Isomerases

The protein disulfide isomerases (PDIs) form a family of redox enzymes that also
have a chaperone activity. They have thioredoxin-like (TRX) domains which assist in
the oxidative folding and disulfide bond rearrangement of peptides. Oxidized PDIs cat-
alyze disulfide bond formation of nascent peptides in the ER (Fig. 4B). The reoxidation
of PDI is due primarily to the endoplasmic reticulum oxireductin 1 (ERO1), which uses
flavin adenine dinucleotide (FAD) as a cofactor to transfer electrons on molecular oxy-
gen, thereby generating hydrogen peroxide (67).

There are over 20 members in the PDI family, distinguished by the number and or-
ganization of their TRX domains (153).

Role in the virus life cycle. (i) Virus entry. In addition to their abundance in the ER,
PDIs can also be found at the plasma membrane. In contrast to their predominantly
oxidizing activity in the ER, surface-associated PDIs act primarily as reductants (154).
PDIs have been much studied for their role in cell entry of enveloped viruses, in partic-
ular the membrane fusion step (Fig. 2). Virus-cell membrane fusion is the result of an
active virus-cell interaction that induces conformational changes within the envelope.
For some viruses, such as influenza virus, these conformational changes are induced
by exposure to an acidic milieu during the early steps of infection. For other viruses,
they are mediated at neutral pH by cell surface-associated oxidoreductases which
reduce disulfide bridges in viral envelope glycoproteins (155). For example, HIV-1 entry
requires attachment of the gp120 subunit of the viral envelope to its primary receptor,
CD4. This interaction induces a structural rearrangement in gp120 that allows binding
to the coreceptor, either CCR5 or CXCR4. Binding of gp120 to the coreceptor results in
conformational changes in gp41 that allow insertion of the fusion peptide into the cell
membrane and then fusion. PDIA1 antibodies as well as the chemical inhibitors of
PDIs, DTNB [5,59-dithiobis(2-nitrobenzoic acid] and bacitracin, have been shown to in-
hibit HIV cell entry by preventing the conformational changes in gp120 and gp41, thus
demonstrating the importance of thiol/disulfide exchanges during the first steps of HIV
infection (156–159). In fact, three different oxidoreductases have been involved, PDIA1,
thioredoxin-1 (Trx1), and glutaredoxin-1 (Grx1) (160, 161). Ou and Silver (161), using an
siRNA against PDIA1, showed that thioredoxin had a greater effect on HIV-1 envelope-
mediated fusion than PDIA1 and was able to reduce disulfide bonds in gp120 and
increase disulfide bond reduction in CD4 in the presence of HIV-1 gp120. PDIA1 as well
as PDIA19 are also required for membrane fusion directed by protein F of Newcastle
disease virus, an avian paramyxovirus that may occasionally infect professionals in con-
tact with infected birds (162). Inhibitors of PDIs also inhibit the fusion function of the
CHIKV E1 protein (163). Another mechanism has been described in the case of DENV.
Cell surface PDIA1 was shown to colocalize with and activate b1 and b3 integrins
(164), and its blockade inhibited DENV entry into endothelial cells. Finally, PDIs have
also been shown to be involved in cell entry of nonenveloped viruses such as polyoma-
viruses, rotaviruses, and human astroviruses. Polyomaviruses enter target cells by re-
ceptor-mediated endocytosis and then traffic to the ER, where they are uncoated
before the genome is translocated into the nucleus. It was shown that PDIA9 extrudes
the viral VP1 C-terminal extremity to initiate ER membrane penetration of the murine
polyomavirus (PyV), used as a model to study polyomavirus cell entry (165). The same
team further demonstrated that the PDI family members PDIA1, PDIA3, and PDIA4 col-
laborate with PDIA9, forming a network that facilitates polyomavirus infection (166). In
fact, this network also includes GRP78 and DNAJ chaperones (see below), which play
an essential role in the last step of polyomavirus entry in the cytosol (Fig. 2). PDIs have
also been shown to be essential for rotavirus cell entry (165) and to be required for
astrovirus type 8 uncoating during cell entry (PDIA4) (167).

(ii) Viral protein folding and virus production. The most studied PDI, PDIA3, has
been shown to be required for efficient folding of some viral proteins such as FLUAV
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HA (168) and the F protein of paramyxoviruses (169) (Fig. 3). Roberson et al. showed
that influenza virus increased PDIA3 levels in primary lung epithelial cells and that
PDIA3 knockout decreased virus production and cell apoptosis (170). The increase and
importance of PDIA3 in influenza infection have been recently confirmed in vivo by
Chamberlain et al. (171). Furthermore, the deletion of PDIA3 in lung epithelial cells in
mice induced a decrease in viral production as well as in inflammatory cytokine levels
in the bronchoalveolar lavage fluid. PDIA1 and PDIA4 may also be involved (172). In
the case of paramyxoviruses, the inhibition of PDIA3 by tizoxanide, a metabolite of the
antiprotozoal/antimicrobial nitazoxanide, induced the formation of F protein aggre-
gates and inhibited its trafficking to the plasma membrane (169).

Role in immune responses. As with calreticulin, PDIA1 and PDIA3 associate with
the TAP-tapasin-MHC class I complex to form the peptide loading complex necessary
for antigen presentation through MHC class I (173). In the case of HCMV infection,
PDIA1 is involved in the dissociation of MHC class I from the US2 protein, which leads
to MHC class I dislocation to the cytosol before degradation by the proteasome (Table
1). Knockdown of PDIA1 by an siRNA was shown to inhibit the degradation of MHC
class I molecules induced by the US2 protein (174).

Mishra et al. (175) reported that increased levels of PDIA3 expression in DENV-
infected THP1 cells favor viral replication by suppressing TNF-a production (Table 1).
Of note, antibodies against DENV nonstructural protein 1 (NS1) cross-react with PDIA1
on the surface of platelets, causing inhibition of platelet aggregation, which may con-
tribute to the pathogenesis of dengue disease (176).

Finally, the capacity of PDI to stabilize proteins could be exploited to enhance their
immunogenicity. This is how Wu et al. (177) improved immunization against H3N2 and
H1N1 in mice. In their study, they showed that immunizing mice with H3 HA from
293T cells overexpressing PDIA3 was more effective in protecting the mice than H3
produced in conventional or PDIA3-depleted 293T cells (Table 1).

DNAJ Chaperones

DNAJ proteins, also called HSP40, are characterized by the presence of a conserved
70-amino-acid domain called the J-domain (related to the Escherichia coli DNAJ chaper-
one). They have been categorized into three subfamilies (A, B, and C). Some of these
chaperones are localized in the ER, either at the membrane or in the lumen (178). One
ER luminal member, DNAJC3 (also named P58IPK), is of particular interest in viral infec-
tions due to its specific role in host cell defense (179). Indeed, P58IPK acts as a repressor
of protein kinase R (PKR), a kinase activated by double-stranded RNA (dsRNA) which
phosphorylates eiF2a, resulting in protein translation blockage (180). P58IPK also transi-
ently inhibits PERK, the latter being usually activated during ER stress to protect cells
(181). Moreover, ER stress activates P58IPK gene transcription.

Role in the virus life cycle. (i) Virus entry. The role of DNAJs in cell entry has been
studied in detail for simian virus 40 (SV40), another polyomavirus also used as a model
(reviewed in references 5 and 182). These studies demonstrated the corecruitment of
HSP40/DNAJ chaperones (Fig. 2). The exposition of hydrophobic regions of VP2 and
VP3 in the ER lumen results from interaction of the SV40 capsid with PDIs (PDIA1,
PDIA3, and PDIA19). GRP78 then associates with the hydrophobic capsids, maintaining
these in a soluble state until their integration in the ER membrane. Then, SV40 reorgan-
izes the ER membrane to form penetration sites (called foci) where the virus enters the
cytosol. This process involves several ER proteins, including DNAJ chaperones B12, B14,
and C18. DNAJB12, DNAJB14, and DNAJC18 chaperones then recruit a cytosolic chap-
erone complex, including HSC70 and HSP105, that extracts SV40 from the membrane
to bring the virus into the cytosol (Fig. 2). This process involving several PDIs and sev-
eral DNAJ chaperones represents an interesting example of the coordination of ER and
cytosolic chaperones in viral entry of a nonenveloped virus, a key step of the viral life
cycle. On the basis that most of these chaperones are members of the ERAD machinery
and that, during ERAD, misfolded ER proteins are recognized and ejected into the cyto-
sol, it has been proposed that SV40 and PyV exploit ERAD during their life cycle (5).
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Moreover, the authors suggested that papillomaviruses, which also traffic from the cell
surface to the ER, might also use the ERAD machinery to access the cytosol.

(ii) Viral replication. Flavivirus infection induces ER membrane structures termed
vesicle packets (VPs), which house the viral replication complex (RC) and form replica-
tion factories (Fig. 3). DNAJ chaperones have been involved in protein folding and RNA
replication of DENV and YFV. Concerning DENV, it has been shown that the ER chaper-
one DNAJB11 participates in the virus replication complexes and associates with viral
RNA (178). Yi et al. showed, using the YFV model, that DNAJC14 is recruited to and
interacts with viral NS proteins within the ER membrane, in detergent-resistant
domains, via its transmembrane or membrane binding domain. Clustering of these
domains facilitates protein interactions and RC formation (183, 184). Furthermore,
DNAJC14 was shown to regulate the cleavage of the single polyprotein synthesized on
ER membranes at the NS3/4A site (180). This is important to ensure virus replication,
NS4A being possibly involved in the induction of the membrane curvature required for
the formation of the VPs (185).

Role in apoptosis. Cardiomyocyte apoptosis is a specific feature of coxsackievirus
B3 (CVB3)-induced myocarditis. Zhang et al. (186) showed that CVB3 infection activates
the three UPR pathways and induces ER stress and caspase-12 (187). They further
reported, using a P58IPK siRNA and a CVB3-infected cell line expressing a dominant
negative ATF6a, that P58IPK suppresses CVB3-induced apoptosis through selective acti-
vation of the PI3K/Akt pathway that requires activation of ATF6a (188).

Role in immune responses. An important strategy of the host to block viral replica-
tion is to inhibit translation of viral mRNAs by activating the eIF2a transcription factor.
Two kinases, PKR and PERK, are involved in eIF2a phosphorylation, PKR being activated
by dsRNA and PERK by ER stress. Both are regulated by P58IPK. Another crucial host
pathway which is activated by PKR is IRF3-mediated IFN I and III production. P58IPK was
originally identified in FLUAV-infected cells (180). Goodman et al. (189), using P58IPK

KO murine fibroblasts and cells lacking PKR or PERK, reported that P58IPK positively reg-
ulates FLUAV protein synthesis and infection via a PKR-mediated mechanism (Table 1).
They further showed in vivo (190) that P58IPK also functions as a regulator of the host
innate immune response, as infection of P58IPK KO mice with FLUAV resulted in
increased lung pathology, immune cell apoptosis, PKR activation, and mortality. This
demonstrates the complexity of the co-optation of host cell proteins by viruses.
Indeed, P58IPK benefits both the host through the innate immune response and the vi-
rus through increased viral protein synthesis. Interestingly, coronaviruses which inhibit
IFNs have been shown to inhibit the PKR-IRF3 pathway (191); however, their impact on
P58IPK has not yet been reported.

INHIBITORS OF ER CHAPERONES AS ANTIVIRAL THERAPEUTIC AGENTS

Drugs targeting ER chaperones have been studied with the aim to propose broad-
spectrum and resistance-refractory antiviral molecules, especially against severe viral
diseases for which no therapy or vaccine is yet available. Most are also studied as anti-
cancer agents. All of the ER chaperones described in this review except DNAJs have
inhibitors that have been studied for their antiviral potential, as summarized in Table 2.

GRP78 Inhibitors

GRP78 inhibitors are numerous and include natural products, synthetic molecules,
specific peptides, and monoclonal antibodies (reviewed in reference 192). Two of
them, AR-12 (OSU-03012) and epigallocatechin-3-O-gallate (EGCG), have been eval-
uated in vitro or in preclinical models for their antiviral potential. Both molecules in-
hibit the ATPase activity of GRP78 (193) (Fig. 1A). AR-12 has also been reported to
decrease GRP78 expression by inducing its degradation (194). However, these mole-
cules have multiple effects, including effects on other chaperones (195), making it diffi-
cult to link their antiviral activity to GRP78 specifically. AR-12 is a celecoxib derivative
kinase inhibitor that does not inhibit cyclooxygenase activity. It has been evaluated in
lymphoma in a phase I clinical trial (ClinicalTrials registration no. NCT00978523). AR-12
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inhibits replication of several viruses requiring cellular kinases in vitro (Lassa, Ebola,
Marburg, and Nipah viruses [196]). It also inhibits replication of DENV and ZIKV, two fla-
viviruses that are known to require GRP78 and activate the PI3K/AKT pathway (197–
199). AR-12 has also been shown to protect mice in murine models of DENV (198) and
ZIKV infection (197). A decrease in AKT activity was reported in both cases, whereas a
decrease in GRP78 activity was observed only with DENV (198). Yang et al. (200) devel-
oped two AR-12 derivatives, P12-23 and P12-24, which showed a 10-fold improvement
in efficacy and selectivity indices compared to AR-12, against three flaviviruses, DENV,
JEV, and ZIKV (50% inhibitory concentrations [IC50] for AR-12, P12-23, and P12-24: 660,
70, and 52 nM for DENV, respectively; 510, 53, and 56 nM for JEV; 1,373, 130, and
119 nM for ZIKV). However, the mechanism of action proposed seemed to be inde-
pendent of GRP78. Booth et al. (195, 201) showed that AR-12 associated with sildenafil,
a phosphodiesterase 5 inhibitor, decreased the expression of the coxsackie and adeno-
virus receptor (CAR) and of several other receptors, namely, NPC1 and TIM1 (Ebola,
Marburg, and hepatitis A virus), LAMP1 (Lassa fever virus), NTCP1 (hepatitis B virus),
and CD81 (HCV). Moreover AR-12 combined with sildenafil reduced infectivity and rep-
lication of serotype 5 adenovirus and coxsackie B4 virus. This inhibition was abolished
by overexpression of GRP78. The production of CHIKV, HCMV, HIV, EBOV, and influenza,
mumps, rubella, and Junin viruses was also reduced. However, Park et al. did not
observe any antiviral activity against FLUAV (202). Rayner et al. demonstrated that AR-
12 suppresses the ability of SARS-CoV-2 to produce the viral spike protein S and to
generate infectious virions in cell culture (203). Other potential GRP78 inhibitors have
been proposed as anti-SARS-CoV-2 agents through an in silico screening approach:
phytoestrogens and estrogens (204) as well as polyphenols (EGCG, homoeriodictyol,
isorhamnetin, and curcumin) and peptides (205). The five peptides and the polyphe-
nols selected by Allam et al. (205) could interfere with the interaction of SARS-CoV-2
with its target cells by blocking the interaction of the GRP78 cellular receptor (sub-
strate binding domain) with the S protein. In addition, the polyphenols also interact
with the ATPase domain of GRP78 (Fig. 1A). More recently, using a humanized anti-
GRP78 monoclonal antibody (hMAb159) selected for its safe clinical profile in preclini-
cal models to treat lung epithelial cells, researchers have demonstrated a decrease in
cell surface GRP78 and ACE2 expression, as well as decreased spike-driven SARS-CoV-2
viral entry and infection in vitro (206). As a strategy against EBOV, Reid et al. (75) used
EGCG as well as a phosphorodiamidate morpholino oligomer targeting GRP78 (an anti-
sense DNA nucleotide analog) in vitro and in a murine model. Although siRNAs of
GRP78 have been used in vitro as a tool to decipher its role in infection as previously
mentioned, they have not been further explored for a therapeutic use.

GRP94 Inhibitors

Among GRP94 inhibitors developed as potential anticancer agents, PU-WS13 is a
purine-based one that occupies the ATP binding site, blocking GRP94’s ATPase activity
(Fig. 1B). This compound was reported to decrease DENV2 and ZIKV viral titers as well
as the expression of DENV2 Env and NS3 proteins in Huh7 cells (108). The EC50 (half-
maximal effective concentrations) for both viruses were about 25 nm. The antiviral ac-
tivity of PU-WS13 was confirmed for the four DENV serotypes and for different strains
of ZIKV as well as in different cell lines. Virus replication inhibition was demonstrated
to occur at postentry steps of the viral life cycle (108).

Inhibitors of the CNX/CRT Cycle

Iminosugars are glucomimetics possessing a nitrogen in place of the endocyclic ox-
ygen atom and act as ER a-glucosidase inhibitors. They compete with endogenous
substrates for the enzymes a-glucosidases I and II that are responsible for controlling
entry into the CNX/CRT cycle described in Fig. 4A and subsequent folding of glycopro-
teins. Given the importance of glycoproteins in virus pathogenesis, inhibition of the
glycoprotein folding cycle by using glucosidase I and II inhibitors constitutes a promis-
ing approach in the development of broad-spectrum antiviral molecules (207).

Endoplasmic Reticulum Chaperones in Viral Infection Microbiology and Molecular Biology Reviews

December 2021 Volume 85 Issue 4 e00035-21 mmbr.asm.org 19

https://mmbr.asm.org


Interestingly, Sadat et al. (208) reported that cells from patients genetically deficient in
the gene encoding ER a-glucosidase I are naturally resistant to multiple enveloped
viruses. Two families of a-glucosidase inhibitors, 1-deoxynojirimycin (DNJ)-derived
(monocyclic) and indolizidine compounds (bicyclic, celgosivir/castanospermine, the
active form), have been reported to be active in vitro against many enveloped viruses,
including DENV, JEV, and ZIKV (IC50 range, 40 nM to 20 mM, depending on the virus,
the compound, and the cell type), EBOV and Marburg virus (IC50 range, 6 to 33 and 8 to
48 mM for EBOV and Marburg virus, respectively, depending on the compound), and
influenza virus. These compounds have also been shown to be active in vivo in animal
models of DENV, JEV, EBOV, influenza virus, and Marburg virus (reviewed in reference
209; see also references 210 and 211). UV-4 iminosugar [N-(9-methoxynonyl)-1-deoxy-
nojirimycin] has been described to present a low risk for selection of drug-resistant
influenza A (H1N1 and H3N2 subtypes) and B mutant viruses in vitro and in vivo (212).
The iminosugars deoxynojirimycin, castanospermine, and celgosivir tested against
ZIKV in vitro were able to reduce viral RNA and infectious virus titers in Vero and
CHME3 cells with no effect on cellular apoptosis and antiviral responses (213). To
increase their efficacy against EBOV and YFV infections, Ma et al. (214) proposed to use
them in association with other antiviral molecules. A combination of the ER a-glucosi-
dase inhibitor IHVR-19029 with favipiravir improved the antiviral efficacy against EBOV
and YFV in vitro and in vivo in a murine model of EBOV infection, whereas previous
results had shown inconsistent results (211). As key glycosylated host receptors could
be also affected, Miller et al. (215) investigated whether iminosugar treatment of pri-
mary macrophages with N-butyl-1-DNJ (NB-DNJ) and N-(9-methoxynonyl)-1-DNJ
(MON-DNJ) affected the expression and functionality of 11 host receptors, including
attachment/entry and immune response receptors. They showed that treatment did
not affect expression of the receptors examined on its own but reversed the DENV-
mediated downregulation of IFN-g receptor expression and signaling. Zhao et al. (216)
demonstrated that the iminosugar IHVR-17028 altered the N-linked glycan structure of
ACE2 but not its expression on the cell surface or its binding to the SARS-CoV spike gly-
coprotein. However, it impaired viral entry via a post-receptor-binding mechanism.
Finally, Clarke et al. (217) showed that celgosivir prevented SARS-CoV-2-induced cell
death and reduced viral replication and S protein levels in a dose-dependent manner
in Vero E6 cells. Castanospermine was also able to inhibit SARS-CoV-2. Moreover, three
ER glucosidase inhibitors, miglitol (N-hydroxyethyl-1-deoxynojirimycin), miglustat (N-
butyl-deoxynojirimycin [NB-DNJ]), and celgosivir were suggested as potential thera-
peutic drugs against SARS-CoV-2 infection by Williams and Goddard-Borger (144). Of
interest, miglitol and miglustat are already approved drugs that are used in long-term
treatments of type 2 diabetes and type 1 Gaucher’s disease, respectively. Concerning
viral infections, three candidate iminosugars have advanced to clinical trials to evaluate
their safety and efficacy against viral infections: celgosivir (HCV, DENV, and HIV), NB-
DNJ (HIV), and UV-4B (healthy subjects). Results, although not yet conclusive, are so far
encouraging and indicate good tolerance (209).

PDI Inhibitors

Inhibition of the PDI cycle is yet another antiviral strategy targeting host ER chaper-
ones (Fig. 4B). Juniferdin, PACMA 31, 16F16, isoquercetin, and epigallocatechin gallate
(EGCG) were identified as PDI inhibitors and demonstrated to inhibit the replication of
influenza A and B viruses in cells in the low micromolar range (172). The same study
reported that siRNAs targeting PDIA1, PDIA3, and PDIA4 also inhibited the replication
of influenza A and B viruses in vitro. 16F16 was also recently reported to inhibit human
astrovirus types 1 and 8 (167). Also, LOC14, a reversible small molecule inhibitor of
PDIA1 and PDIA3, had an efficient effect in decreasing viral burden and inflammation
in primary tracheal epithelial cells infected with FLUAV. Moreover, the deficiency in di-
sulfide bond formation after LOC14 treatment resulted in reduced mature HA levels.
This suggests a possible inhibition of HA maturation in host cells (171). The folding of
paramyxovirus protein F depends on ER-resident PDIA3. Tizoxanide, a metabolite of
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nitazoxanide, is a noncompetitive PDIA3 inhibitor that has been shown to inhibit para-
myxovirus protein F folding and virus replication at the submicromolar range (169).
Nitazoxanide is already used as an antiprotozoal/antimicrobial drug and has been
shown to have antiviral activity against HBV, HCV, rotavirus, and influenza virus (218–
220). The involvement of PDIA1 in HIV-1 and NDV has been described above. However,
in the case of HIV-1, as other oxidoreductases are also involved, especially thioredoxin,
specific PDI inhibition is not sufficient to block HIV entry (161). Rawarak et al. (221)
reported that PDI inhibition by bacitracin, a mixture of bacterial peptides with PDI-in-
hibiting effects, decreased DENV virus production and the expression of viral proteins
E and NS1 in the four DENV serotypes in a DENV-ADE in vitro model. This effect was
observed in the early stages of infection. Another small molecule derived from abscisic
acid, origamicin, was shown to inhibit HCV replication (222). Using a microarray mRNA
profiling, the authors propose that besides the inhibition of disulfide bond formation
in E1 and E2 glycoproteins, this molecule perturbates ER homeostasis through PDI inhi-
bition, thus disrupting the portion of the HCV viral cycle which occurs in the ER.
However, the exact mechanism must be elucidated. Finally, very recently, a small mole-
cule regulator of ER proteostasis which binds to PDIs in an irreversible manner [com-
pound 147, N-(2-hydroxy-5-methylphenyl)-3-phenylpropanamide] (223) has been
reported to have a remarkable, although not very specific, antiviral effect on DENV
(IC50, ;1 mM) and ZIKV infection without inducing cell toxicity (224).

CONCLUDING REMARKS AND FUTURE DIRECTIONS

ER chaperones are essential to control the production of glycosylated proteins in
the cell, including those necessary for the different stages of a viral infection and those
playing a role in immune escape. They are also involved in various major functions at
different steps of the infectious cycle. GRP78 and GRP94 facilitate the entry of many
viruses, either on their own or through specific client proteins which are viral receptors
or coreceptors. In the first case, it is not known if the ATPase activity of these chaper-
ones is required. Further research is necessary to determine the role of GRP94 in prote-
ase activation of viral envelope proteins, a step that is required for cell entry of highly
pathogenic viruses. GRP78, the most studied ER chaperone in viral infection, has also
been shown to be co-opted at other steps of the life cycle. Furthermore, it is consid-
ered a crucial host factor in the biology of flaviviruses, which impact millions of people
each year. However, much remains to be learned about the precise mechanisms
involved. GRP94 is a master chaperone in immune responses, but although clinical
work is relatively abundant when it comes to exploiting extracellular GRP94 in vaccine
preparations, little is known about its role in antiviral immune responses, particularly in
immunosuppression. Regarding other ER chaperones, CNX/CRT play a major role in vi-
ral infection as they are fundamental for viral glycoprotein folding. PDIs are involved in
conformational changes allowing the fusion of enveloped viruses and in the entry of
nonenveloped viruses, where they work together with DNAJ chaperones. Among the
latter, DNAJC14 plays a singular role in the RNA replication of some flaviviruses.
Another DNAJ chaperone, P58IPK (DNAJC3), impacts viral protein translation and IRF3
signaling by regulating PKR. ER chaperones and their interplay with other chaperones
in viral immune escape, particularly through inhibition of type I and III IFNs, deserve to
be studied in depth.

Different inhibitors of these chaperones already exist; most were initially identified
through their anticancerous effect and have demonstrated their potential role as anti-
viral agents. Although some of them have already been evaluated as antiviral agents in
clinical phases or in advanced preclinical studies, work is still needed in order to bring
those molecules to the clinic. Monoclonal antibodies inhibiting membrane chaperones
represent an interesting strategy to inhibit cell entry of viruses using these as a core-
ceptor. Also, inhibitors of DNAJ could be developed, particularly in order to inhibit RNA
replication of a broad range of flaviviruses. Targeting ER chaperones is definitively a
new avenue to consider in broad-spectrum antiviral therapy.
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